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TOCRecent studies demonstrated that lipids inﬂuence the assembly and efﬁciency of membrane-embedded mac-
romolecular complexes. Similarly, lipids have been found to inﬂuence chloroplast precursor protein binding
to the membrane surface and to be associated with the Translocon of the Outer membrane of Chloroplasts
(TOC). We used a system based on chloroplast outer envelope vesicles from Pisum sativum to obtain an initial
understanding of the inﬂuence of lipids on precursor protein translocation across the outer envelope. The
ability of the model precursor proteins p(OE33)titin and pSSU to be recognized and translocated in this sim-
pliﬁed system was investigated. We demonstrate that transport across the outer membrane can be observed
in the absence of the inner envelope translocon. The translocation, however, was signiﬁcantly slower than
that observed for chloroplasts. Enrichment of outer envelope vesicles with different lipids natively found in
chloroplast membranes altered the binding and transport behavior. Further, the results obtained using
outer envelope vesicles were consistent with the results observed for the reconstituted isolated TOC complex.
Based on both approaches we concluded that the lipids sulfoquinovosyldiacylglycerol (SQDG) and phospha-
tidylinositol (PI) increased TOC-mediated binding and import for both precursor proteins. In contrast, enrich-
ment in digalactosyldiacylglycerol (DGDG) improved TOC-mediated binding for pSSU, but decreased import
for both precursor proteins. Optimal import occurred only in a narrow concentration range of DGDG.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Membranes not only play a vital role in deﬁning cellular compart-
ments, but their composition also inﬂuences a host of reactions on the
cellular and biochemical level [1]. They are mainly composed of lipids
and proteins which on their own form lipid domains [2] and macro-
molecular proteinaceous complexes, respectively ([3] and references
therein). In addition, both types of molecules interact with each
other and inﬂuence each other's functioning within the membrane
system [4]. Lipids especially inﬂuence the folding and topology of
membrane proteins [5] and exhibit a chaperone-like function during
the insertion of integral proteins [6].
Lipids also modulate the activity of a wide variety of membrane-
localized proteins with a range of shapes, complexities and functions.
For example, evidence suggests that lipids inﬂuence various trans-
porters [7] and porins [8]. Even quite complex protein assemblies,of Plants, Biological Center
-60438 Frankfurt, Germany.
leiff).
rights reserved.such as the yeast cytochrome bc1 complex [9], are inﬂuenced by
lipids. It has also been shown that the lipid cardiolipin modulates
the function of the bacterial SecYEG translocon [10]. Interestingly, in
plants several membrane-localized complexes such as the photosyn-
thetic reaction center [11] or the chloroplast precursor protein trans-
locon [12] are tightly associated with lipids but their inﬂuence on the
functioning of these complexes remains to be explored.
Precursor protein import into chloroplasts is one of the most im-
portant processes for the proper functioning of plants and essential
for chloroplast biogenesis. The vast majority of the proteins that are
essential for the photosynthetic performance of chloroplasts are
nuclear encoded as precursor proteins with an N-terminal transit
peptide. These precursor proteins need to be imported from the
cytosol into the chloroplasts. In general, these proteins ﬁrst bind to
the Translocon of the Outer membrane of Chloroplasts (TOC; [13])
via their transit peptide and are then transported, in a GTP and
ATP-dependent fashion, across the two envelope membranes via
TOC and TIC (Translocon of the Inner membrane of Chloroplasts)
into the stroma. The TOC complex consists of several subunits, of
which Toc34, Toc159 and Toc75 form the so-called core complex
[14]. Toc34 and Toc159 – both GTPases – are the primary receptors
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[14]. While signiﬁcant progress has been made in recent years un-
derstanding the components and mechanistic details of TOC-
dependent precursor protein import, little is known about how the
lipid environment of this translocon inﬂuences precursor protein
binding and import.
It had been previously shown that precursor proteins interact
with protein-free membrane vesicles that have a lipid composition
similar to that of the outer envelope of the chloroplast. These low
afﬁnity interactions between precursor protein and lipids are medi-
ated by the transit peptide and lead to a conformational change of
the transit peptide [15]. The strength of the precursor protein–
lipid interaction is dependent on the lipid composition of the vesi-
cles, with MonoGalactosylDiacylGlycerol (MGDG) being of major
importance [16]. It is not clear if the binding of precursor protein
to the lipids itself aids or hinders the interaction of the transit pep-
tide with the TOC receptors, and whether this interaction is indeed
involved in the translocation process. Lipid binding to precursor
protein may be of minor importance as receptors for the chaperones
guiding the precursor proteins have been identiﬁed [17]. Therefore,
the transient interaction of the transit peptide with the membrane
is not included in the current models of protein translocation [18].
The inﬂuence of lipids on TOC-dependent precursor protein
translocation itself requires further investigation due to two obser-
vations: Firstly, TOC was isolated along with the lipids DiGalactosyl-
DiacylGlycerol (DGDG) and PhosphatidylGlycerol (PG; [12]), and
secondly DGDG-deﬁcient Arabidopsis thaliana mutants showed re-
duced import efﬁciency [19]. However, it remains unknown wheth-
er the effect observed in the dgd1 background is related to TOC or
TIC function and whether the lipids into which the TOC complex is
embedded are of functional importance. To experimentally approach
this question we used Outer Envelope Vesicles (OEVs) containing
TOC and an Inner Membrane Space (IMS) localized Hsp70 [20] as
an experimental system in which lipid composition can be altered
and precursor protein import can be studied, even in the absence
of TIC. Enrichment of OEVs in SulfoQuinovosylDiacylGlycerol
(SQDG) or PhosphatidylInositol (PI) stimulated the TOC-mediated
binding and translocation of both precursor proteins tested, whereas
enrichment in DGDG had a more complex effect on TOC-mediated
binding and import.
2. Materials and methods
2.1. Materials and general methods
Lipids were purchased from Nutﬁeld Nurseries (Surrey) or Avanti
Polar Lipids. TOC-speciﬁc antibodies were raised by Pineda Antibody
Service and puriﬁed using recombinant Pisum sativum proteins
(psToc34G aa M1-G266, psToc159M aa F1123-Y1469, psToc75 aa E440-
Y809). α-Hsp70, α-Css-1, α-Tic40, α-LHCP and α-SSU antibodies
were previously described [21]. OEV, IEV, stroma and thylakoid isola-
tion, and native PAGE were recently described [12]. The in vitro trans-
lation procedure as well as precursor proteins used were previously
described [22].
2.2. OEV/SUV fusion
LUVs (Large Unilamellar Vesicles) were prepared in 25 mM
Hepes–KOH pH 7.5 and 100 mM NaCl as described [5]. SUVs were
generated from frozen LUV stock by sonication on ice immediately
before use. OEVs and SUVs were fused by incubation at 4 °C for
3 h after addition of 30 mM CaCl2 and 10 mM MgCl2. Fusion was
stopped by adding 40 mM EDTA. Fused vesicles were separated
from non-fused vesicles by one step sucrose cushion sedimentation
using 6% (w/v) sucrose in 25 mM Hepes–KOH pH 7.5 and 100 mM
NaCl.2.3. Immunoprecipitation
OEVs fused with SUVs were sonicated for 1 min, incubated for 1 h
at RT with IgG sepharose preloaded with α-Toc34 or pre-immuno
serum. Bound vesicles were washed with 100 and then 200 mM
NaCl in 25 mM Hepes–KOH pH 7.5, eluted with 100 mM glycine-HCl
pH 2.2, neutralized with 2 M Tris pH 11. Samples were run on 15%
(w/v) Bis-Tris-Nu PAGE gels, followed by western blotting.
2.4. Transport speciﬁc fractionation
To separate protein free SUVs from OEVs and or SUV/OEV fusion
products, samples were loaded onto an isoosmotic sucrose density
gradient, centrifuged at 300,000×g for 5 h at 4 °C. Vesicles with
pore forming proteins (e.g. the TOC complex) in their membranes
allow sucrose to enter through those pores and hence become denser
than those without pores [23].
2.5. Binding and import of precursor proteins into OEVs
Given amounts of OEVs or OEVs fused with SUVs (based on pro-
tein concentration) were incubated with radioactively-labeled in
vitro translated precursor protein in 50 μl of 20 mM Hepes–KOH pH
7.9, 330 mM sorbitol, 1 mM Na2CO3, 0.5 mM MgSO4, 0.5% (w/v) BSA
and 1 mMmethionine. For binding, the reaction mixture was supple-
mented with 0.2 mM of ATP and GTP, for import, 5 mM of each nucle-
otide was added. After indicated periods of incubation time, OEVs
were loaded onto a sucrose cushion (12% (w/v) in 20 mM Hepes–
KOH pH 7.9, 1 mM Na2CO3, 0.5 mM MgSO4), centrifuged for 10 min
at 350,000×g and isolated. The binding of precursor protein to OEVs
was determined by gel electrophoresis followed by autoradiography.
The amount of pelleted OEVs was determined by Coomassie blue
staining.
To determine the degree of precursor protein translocation, OEVs
were incubated with radioactively-labeled in vitro translated precur-
sor protein as described above. After centrifugation through a sucrose
cushion the OEVs were resuspended in 200 μl 2.5 mM Tris–HCl pH
7.5, 1 mM MgCl2, 1 mM CaCl2 supplemented with 0.15 μg/μl thermo-
lysin to proteolyse all exposed proteins (post-treatment). If indicated,
1% (v/v) Triton X-100 was added in addition to allow thermolysin to
digest translocated proteins. The reaction was stopped after 30 min
by addition of 10 mM EDTA and processed as described for non-
treated pellets.
The quantity of pelleted outer envelope vesicles was determined
by SDS-PAGE Coomassie blue staining to visualize the 52 kDa frag-
ment of Toc159. For the comparison to chloroplast import, the initial
import rate was determined for the linear range of curves in Fig. 2D.
To determine the TOC independent association OEVs were incu-
bated with 0.15 μg/μl thermolysin in 200 μl 2.5 mM Tris–HCl pH 7.5,
1 mM MgCl2 and 1 mM CaCl2 to proteolyse all surface exposed pro-
teins. The reaction was stopped after 30 min by addition of 10 mM
EDTA and centrifugation. Pretreated vesicles were resuspended in
20 mM Hepes–KOH pH 7.9, 330 mM sorbitol, 1 mM Na2CO3, 0.5 mM
MgSO4, 0.5% (w/v) BSA and 1 mM methionine and processed as de-
scribed above. The efﬁciency of the pretreatment was determined
by western blots as shown in Supplemental Fig. S1.
2.6. TOC complex reconstitution and precursor protein import analysis
Isolated TOC complexes were reconstituted in SUVs [12] of varied
lipid composition (Fig. 4). Reconstitution was conﬁrmed by western
blotting (Supplemental Fig. S6). Binding of in vitro translated precur-
sor protein to proteoliposomes of different lipid compositions was
determined in SUVs with or without TOC complexes. After incubation
of these SUVs with radioactively-labeled precursor protein, SUVs
were puriﬁed by centrifugation through a cushion containing
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in buffer, incubated with trypsin (0.005 mg/ml ﬁnal) for 10 min on
ice (to digest proteins that were not imported) or for 60 min to di-
gest all proteins at 20 °C. The reaction was stopped with 0.1 mg/ml
trypsin inhibitor and 2 mM PMSF. SUVs were collected by centrifuga-
tion and subjected to scintillation counting as described [24]. TOC spe-
ciﬁc binding was calculated by subtracting the signal observed for
empty SUVs from that for SUVs containing TOC. Import was calculated
by subtracting the signal after 60 min of proteolysis from that after
10 min of proteolysis, because trypsin is known to traverse mem-
branes after prolonged incubation. The signal for SUVs with an
OE-like lipid composition was used to normalize the results.3. Results
3.1. OEVs as an experimental system to study import
To study the effects of lipid composition on precursor protein im-
port by the chloroplast outer envelope translocon we established a
system in which the lipid composition of the membrane embedding
the TOC translocon could be readily altered. We used right-side-out
OEVs [25] containing the components of the TOC complex as shown
by the detection of Toc34 (Fig. 1A). In contrast, the inner envelope
protein Tic40, the stromal small subunit of RUBISCO (SSU) or the
light harvesting protein localized in the thylakoid membranes was
largely absent from the outer envelope fraction (Fig. 1A). Remarkably,
in contrast to recent ﬁndings [26], but in line with numerous earlier
reports [27] we observed a eukaryotic Hsp70 speciﬁcally associated
with the OEVs (Fig. 1A, αHsp70). To exclude that this is not an artifact
of speciﬁc association of stromal chaperones with the outer envelope,
we probed for the prokaryotic-type stromal chaperone CSS1. ThisFig. 1. Purity and topology of OEVs.(A) OEVs, inner envelope vesicles (IEV), stroma
(Str) and thylakoid membranes (Thy) containing 20 μg protein each were separated
by SDS-PAGE, transferred to nitrocellulose and blotted with various antisera as indicat-
ed. Toc34, a protein of the outer membrane, and a eukaryotic Hsp70 as determined by
immunodecoration with the antibody described [21] are enriched in the outer mem-
brane fraction. No stromal proteins and only negligible amounts of the inner envelope
protein Tic40 were detected, conﬁrming purity of OEVs. (B) OEVs were treated with
thermolysin for 20 min at 4 °C. Proteins were separated by SDS-PAGE, transferred to ni-
trocellulose and blotted with an antibody against Hsp70 [21]. Hsp70 is protease resis-
tant, which shows that the vesicles have the correct orientation and are right-side-out
(see also Fig. S2). (C) The localization of the proteins tested in A and B is shown: Cyt…
cytosol, IM…inner envelope membrane, IMS…intermembrane space, LHCP…light har-
vesting complex protein, Css1…stromal chaperone of DnaK type, OM…outer envelope
membrane, TIC…translocon of the inner envelope membrane of chloroplasts, TM…
thylakoid membrane.chaperone is enriched in the stromal fraction with some protein
remaining in the inner envelope fraction (Fig. 1A, αCSS1). To test if
the chaperone is localized on the cytosolic side or in the IMS, we trea-
ted the outer envelope fraction with thermolysin. The eukaryotic
Hsp70 content was not affected by this procedure (Fig. 1B), although
the surface exposed outer envelope TOC proteins were protease
sensitive (e.g. Supplemental Fig. S1). Thus, in agreement with earlier
ﬁndings from others [27] and ourselves, a chaperone is present in
the OEV lumen.
We next aimed to show that OEVs can be used to study binding of
the precursor protein p(OE33)titin composed of the transit peptide of
the Oxygen Evolving complex and the I27 domain of titin. This pre-
cursor protein was chosen because it does not interact with cyto-
plasmic chaperones of the Hsp90- or Hsp70-type present in the
translation mixture [28]. Precursor protein binding to OEVs was
studied by quantifying the amount of radioactively-labeled
p(OE33)titin bound to OEVs after conﬁrmation of successful pellet-
ing of the vesicles as described in Materials and methods. The pre-
cursor did not precipitate under the centrifugation conditions used
(Supplemental Fig. S2). We observed a concentration- and time-
dependent binding of the precursor protein to the OEVs (Fig. 2A,
B). The binding was enhanced by the nucleotides ATP and GTP (Sup-
plemental Fig. S3).
We next analyzed the translocation of the precursor protein by
thermolysin treatment after incubation with OEVs. We observed the
protease resistant fraction of p(OE33)titin (Fig. 2C–E, p(OE33)t)
[24]. Our controls showed that thermolysin acted as expected be-
cause the cytoplasmically exposed receptor domains of Toc34 and of
Toc159 were degraded (29; Supplemental Fig. S1B). Moreover,
when Triton X-100 was added in addition to thermolysin the
imported precursor protein became protease sensitive (Fig. 2E, lane
5). In addition to the full length p(OE33)titin that was thermolysin-
resistant because it was imported, we observed a thermolysin-
resistant degradation product in our autoradiographs (Fig. 2C, deg.
P). It was shown that the titin domain folds upon itself and hence be-
comes protease-insensitive, while the transit peptide is digested [22].
Consistently, we detected this degradation product while incubating
p(OE33)titin with either OEVs or BSA (Supplemental Fig. S1A). Fur-
thermore, this product remained protease resistant after addition of
Triton X-100 (Fig. 2E, lane 5). This shows that the resistant fragment
is not a channel inserted form, because insertion of titin into the
translocation channel would render the protein unfolded and thereby
protease accessible. Hence, its presence is the consequence of titin-
folding and does not reﬂect imported precursor protein.
The protease protected and thus translocated fraction of precur-
sor protein increased with time (Fig. 2C, D) and required the pres-
ence of TOC as shown by treating OEVs with protease before and/
or after incubation with the precursor protein (Fig. 2E, lane 4).
This ﬁnding is consistent with the observation that precursor pro-
teins have a low afﬁnity for membrane lipids themselves [30], but
strongly bind to the membrane localized TOC receptors (e.g. [24]).
The observed translocation of the precursor protein prompted us
to compare the translocation efﬁciency of OEVs to those of intact
chloroplasts. First we compared the TOC complex concentration in
both, OEVs and chloroplasts. We determined that OEVs containing
0.3 μg of protein are equivalent in terms of the amount of TOC to in-
tact chloroplasts containing 10 μg of chlorophyll, the concentration
typically used in import studies (Supplemental Fig. S4). In our ex-
periment we used 20 μg OEV and thus the TOC content of OEVs
was 67-fold larger than in the chloroplast import experiment. For
chloroplasts containing 10 μg of chlorophyll an initial binding rate
of ~2*10
−2% (used translation product)s−1 and an initial import
rate of ~12*10
−2%s−1 for p(OE33)titin have been observed [22].
Analyzing the binding and import of p(OE33)titin to and into
20 μg OEVs with respect to the percentage of used translation prod-
uct (Fig. 2D), we observed an initial binding rate of ~4*10
−2%s−1
Fig. 2. OEVs as an experimental system to study binding and import of precursor pro-
teins via TOC.(A, B) Effects of increasing amounts of OEVs (A, lanes 1, 3–6) or in-
creasing incubation times (B, lanes 1,3–7) on p(OE33)titin binding was determined.
The TP lane shows 10% of the radioactively-labeled precursor protein used. Quantiﬁ-
cation of multiple autoradiographs is shown as means±SD (standard deviation).
(C) p(OE33)titin binding and import were determined by incubating the precursor pro-
tein with OEVs for indicated times, followed by incubation with thermolysin (lanes
5–8), and analysis by autoradiography. Migration of the precursor protein (p(OE33)t)
and the protease resistant titin fragment (Fig. S2) is indicated. (D) Quantiﬁcation
of time-dependent binding and import based on experiments as shown in C. Data
are means±SD. Lines represent the least square ﬁt results using a single exponential
equation. (E) p(OE33)titin was incubated with OEVs (lanes 1, 3) pretreated with ther-
molysin (lanes 2, 4) to determine TOC-dependent binding. To determine import,
OEVs were treated with thermolysin after incubation with precursor protein (lane 2).
The pre/post treatment of OEVs with thermolysin tests for TOC-independent import
(lane 4). Triton X-100was added in addition to allow thermolysin to digest translocated
proteins (Tx100, lane 5).
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−3%s−1. Thus, taking the differ-
ent concentrations of the TOC complexes into account, the initial
binding rate of precursor proteins to the TOC in OEVs is lower by
a factor of about 30 and the import rate by a factor of about 300.
The higher binding rate to chloroplasts, however, might reﬂect the
differences in experimental systems. Chloroplasts were isolated
by centrifugation for 5 min through Percoll cushion with only 6%
(w/v) sorbitol [31], while the vesicles were centrifuged for
10 min through a sucrose cushion of 12% (w/v). Nevertheless,
while the binding and import rate observed for chloroplasts were
in the same order of magnitude, the import into vesicles was
about 20-fold slower compared to binding. The higher import efﬁ-
ciency of intact chloroplasts is consistent with the idea that the ul-
timate driving force for translocation comes from stromal
chaperones [32], while TOC only provides the initial energy most
likely via the IMS Hsp70 [24].3.2. Fusing OEVs with vesicles with different lipid compositions
To analyze the lipid dependence of the TOC dependent protein
translocation we manipulated the lipid composition of OEVs. We
established a system based on fusing OEVs with Small Unilamellar
Vesicles (SUVs) composed of a lipid such as PhosphatidylCholine
(PC) supplemented with rhodamine-labeled phosphatidylethanol-
amine (Supplemental Fig. S5). Thus, using this procedure the lipid
content could be changed but the amount of TOC was kept constant.
First we conﬁrmed the fusion of OEVs and SUVs in the presence of
Ca2+ and Mg2+ by transport speciﬁc fractionation [33], followed by
measuring the amount of ﬂuorescence and TOC in the fusion products
migrating at higher densities (Fig. 3A). Using ﬂuorescence analysis we
observed that SUVs, SUVs incubated with OEVs in the absence of Ca2+
and Mg2+ and SUVs in the presence of Ca2+ and Mg2+ did not signif-
icantly migrate into the gradient (Fig. 3A, fraction 3). In contrast,
when SUVs were incubated with OEVs in the presence of Ca2+ and
Mg2+ we observed the majority of the ﬂuorescence co-migrating
with the OEVs as determined by visualization of the TOC complex
by SDS-PAGE analysis (Fig. 3A, fraction 6). Interestingly, analyzing
the protein gel further we realized that incubation of OEVs with
SUVs in the presence of Ca2+ and Mg2+ reduced the speed of migra-
tion in the gradient (Fig. 3C, histogram on the bottom). Thus, we con-
ﬁrmed that SUVs are fused to OEVs.
We subsequently prepared SUVs composed of individual lipids
(DGDG, SQDG, PC, PG, PI) typically found in the chloroplast OE. In
addition, we prepared SUVs with a lipid composition mimicking an
OE-like composition (OEL; [34]). The fusion of OEVs with these dif-
ferent types of SUVs was conﬁrmed by immunoprecipitation of
vesicles with Toc34 antibodies and subsequent ﬂuorescence mea-
surement (Fig. 3D). The comparison of the ﬂuorescence precipitated
by Toc34 antibodies and by pre-immune serum conﬁrms the speci-
ﬁcity of the assay and shows that OEVs can be fused to SUVs com-
posed of the different lipids. It should be noted, that although
MonoGalactosylDiacylGlycerol (MGDG) is one of the most promi-
nent chloroplast outer membrane lipids, we did not analyze its
effects on precursor protein binding and import. MGDG is a non-
bilayer forming lipid and it is impossible to produce SUVs exclusive-
ly consisting of it.
The integrity of TOC within these fusion products was subse-
quently determined by native PAGE [35]. We did not observe an alter-
ation of the migration of TOC irrespective of the lipid composition
used for fusion (Fig. 3C). We also conﬁrmed the amount and topology
of TOC by thermolysin treatment followed by western blotting to
identify proteolytic fragments with antibodies against Toc34,
Toc159 and the Hsp70 found in the OEVs (Fig. 1). In OEVs before
and after fusion to SUVs, Toc34 and part of Toc159, facing the outside
of the OEVs, were thermolysin sensitive, while Hsp70 remained pro-
tease resistant (Fig. 3D). Based on these observations we can con-
clude that the topology and integrity of TOC were not affected by
fusing OEVs to SUVs.3.3. The effects of lipid composition on precursor protein binding
and import
After establishing a procedure to alter the lipid content, we ana-
lyzed the lipid dependence of TOC-dependent precursor protein bind-
ing and transport by incubating p(OE33)titin with OEVs fused with
different types of SUVs, but not using ﬂuorescence labeled lipids to
avoid an inﬂuence from the ﬂuorophore. As established (Fig. 2E) we
determined the degrees of precursor protein binding, import and
TOC-independent binding after 5 and 30 min (Fig. 4A). From the
data the initial rates of these processes were calculated (Fig. 4B).
We observed that p(OE33)titin binding to OEVs fused to OE-like
SUVs (Fig. 4A, lanes 1, 2) was enhanced by a factor of 2 (Fig. 4B,
Fig. 3. Fusion of OEVs with ﬂuorescently labeled SUVs with various lipid composi-
tions.(A–C) OEVs, OEVs incubated with Mg2+ and Ca2+, SUVs incubated with OEVs,
SUVs incubated with Mg2+ and Ca2+, and OEVs incubated with SUVs in the presence
of Mg2+ and Ca2+ (Supplemental Fig. S4) were analyzed by transport speciﬁc fraction-
ation using an isoosmotic sucrose density gradient, which was subsequently fractionat-
ed into ten fractions (F1 to F10). The ﬂuorescence in each fraction was determined (A).
The values are normalized to the highest ﬂuorescence value (Fmax) observed in a frac-
tion of the according gradient. Fractions (F1 to F10) containing SUVs+OEVs+ions
were run on SDS-PAGE and silver-stained as shown for the OEVs incubated with
SUVs in the presence of Mg2+ and Ca2+ (B). The presence of Toc159* (86 kDa fragment
of Toc159), Toc75 and Toc34 is indicated. (C). The Toc75 concentrations in the respec-
tive fractions are normalized to the value of the highest Toc75 content in each fraction.
(D) OEVs fused with ﬂuorescently-labeled SUVs composed of OE-like lipids (OEL),
SQDG (SQ), DGDG (DG), PI, PC or PG, were immunoprecipitated with αToc34 anti-
bodies or preimmune serum. Toc34 presence in western blots, and presence of ﬂuores-
cence (F, arbitrary units) originating from SUVs conﬁrm fusion. (E) OEVs fused with
ﬂuorescently labeled SUVs composed of various lipids were subjected to native PAGE
and stained by Coomassie. The white arrow indicates the presence of TOC and the
black arrow of the RUBISCO complex, which is a known contamination of OEVs. The
identity of TOC and RUBISCO was conﬁrmed by MS/MS analysis [34]. (F) Identical
amounts OEVs and OEVs fused with different SUVs (lanes 1–7) were incubated with
thermolysin (lanes 8–14). After SDS-PAGE, western blots were used to identify
Toc34, Hsp70, Toc159* and Toc159** (86 and 52 kDa fragments of Toc159). Here, an
antibody against eukaryotic Hsp70 [42] different from the one in Fig. 1 was used to
conﬁrm the speciﬁcity of the detection.
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SUVs was also slightly enhanced (Fig. 4A, lanes 3, 4, B gray bar). Fur-
thermore, the binding of p(OE33)titin to OEVs was also enhanced
when OEVs were fused with SQDG- or PI-SUVs. Remarkably, in
these two cases the binding was almost saturated after only 5 min.
Import was also enhanced in systems with enrichment in these two
lipids, but import was not saturated after 5 min (Fig. 4A,B). When
OEVs were fused with PC- and PG-SUVs, binding and import of
p(OE33)titin were slightly reduced in comparison to OEVs, whereas
binding and import were near zero in OEVs fused with DGDG-SUVs.
In all cases TOC-independent binding of p(OE33)titin to the lipid sur-
face was negligible (Fig. 4B).
In order to test if the results obtained with p(OE33)titin can be
generalized, we analyzed the effects of lipid composition on binding
and import of the precursor of the Small SubUnit of RUBISCO
(pSSU). In contrast to p(OE33)titin, pSSU is known to be associated
with cytoplasmic Hsp70 when translated in vitro [28]. We per-
formed the same experiments as for p(OE33)titin and observed in
general stronger binding and import for pSSU than for p(OE33)
titin (Fig. 4C,D). Again, binding of pSSU to OEVs was TOC-
dependent (Fig. 4D, black vs. white bars) and stimulated by SQDG,Fig. 4. Lipid dependence of precursor protein binding and import.(A, B) Radioactively-
labeled p(OE33)titin was incubated for 5 or 30 min with OEVs (40 μg protein) or OEVs
fused with SUVs made of OE-like, DGDG (DG), SQDG (SQ), PC, PG or PI lipids (lanes 1,
2). Vesicles were treated before (lanes 5, 6) or after (lanes 3, 4) incubation with precur-
sor protein with thermolysin to determine TOC-independent binding (pre) or import
(post), respectively. Shown are representative autoradiographs (A) and the initial
rates of binding, import, and TOC-independent binding as means±SD (B). (C, D) Same
experiments as above were performed with radioactively-labeled pSSU and the quantiﬁ-
cations of at least three independent results are shown as means±SD.
1038 R. Elkehal et al. / Biochimica et Biophysica Acta 1823 (2012) 1033–1040and slightly by PI (black bars). In contrast to the results for p(OE33)
titin, we observed a slight stimulation of pSSU binding to the OEVs
after fusion with DGDG-vesicles. However, in contrast to the stimu-
lation of binding of pSSU by fusion of OEVs with DGDG-SUVs, almost
no import was detectable. Import was only stimulated when OEVs
were fused with liposomes composed of SQDG or PI. Thus, we con-
ﬁrmed the stimulatory effect of SQDG and PI on protein transloca-
tion and demonstrated that enrichment of DGDG truly leads to a
reduction of import.3.4. Effect of DGDG and MGDG concentration on precursor
protein import
The inhibitory effect of DGDG on precursor protein import was
surprising, because DGDG has been shown to bind to TOC [12] and
dgd1 mutants showed reduced import efﬁciency [19]. However, the
two precursor proteins used in this study were inhibited in their im-
port after fusion of OEVs with DGDG-SUVs (Fig. 4). Thus, we aimed
to speciﬁcally analyze the effect of DGDG on import by reconsti-
tuting isolated TOC complexes into SUVs with various DGDG con-
centrations [24]. This procedure allowed for a better control of the
DGDG concentrations than using OEVs fused with SUVs. The SUVs
used for TOC reconstitution had only slightly different MGDG,
SQDG, PG and PI concentrations. In contrast, the PC concentrations
were increased to balance decreasing DGDG concentrations (Fig. 5).
PC was used because it is the most abundant lipid in the OE mem-
brane [36] and had the least effect on import in our system (Fig. 4).
The reconstitution efﬁciency was conﬁrmed using antibodies against
Toc34 and Toc75 (Supplemental Fig. S6) and the concentration of
TOC was adjusted to be consistent across samples by fusing SUVs
containing TOC with protein-free SUVs. The binding efﬁciency of
pSSU to these SUVs increased with increasing DGDG concentration
(Fig. 5). This result supports the observation made in OEVs fused
with DGDG-SUVs (Fig. 4) where binding was enhanced, while in
OEVs fused with PC-SUVs (Fig. 4) binding was decreased.
The import efﬁciency of pSSU into the different proteoliposomes
was optimal at 29–36 mol% DGDG, while lower or higher concen-
trations of DGDG resulted in reduced import (Fig. 5). Again, this
supports the observation made in OEVs fused with DGDG-SUVs orFig. 5. Binding and import of pSSU in SUVs with reconstituted TOC complex.The SUVs
contained a mix of lipids (shown as mol% of total): for mixtures 1–6, the MGDG,
SQDG, PG, and PI were kept fairly constant, while increasing concentrations of
DGDG were balanced with decreasing PC concentrations. In mixtures 7 and 8 MGDG
was either omitted (7) or increased to 21 mol%. The binding and import efﬁciency of
OE-like SUVs were set to 1 and data are expressed relative to the control (c). Data
are means±SD (n=4 for 1–6 and n=2 for 7 and 8).PC-SUVs (Fig. 4). We conclude that the observed effect on import
was due to changes in DGDG concentrations and not due to changes
in the other lipids, for the following reasons: The changes in con-
centration of all other lipids in the proteoliposomes were rather
minor when compared to the changes of PC and DGDG. Further-
more, in our experiments using OEVs fused with SUVs we observed
that enrichment with SQDG and PI led to improved import, whereas
enrichment with PG resulted in a slight reduction (Fig. 4). Thus, the
changes would be counter balanced.
With 17 mol% MGDG is a major component of the outer enve-
lope membrane in addition to DGDG. Since we could not investigate
the inﬂuence of MGDG on protein translocation using the OEV sys-
tem for the reason stated before, we reconstituted isolated TOC
complexes into SUVs with various MGDG concentrations (Fig. 5B;
Supplemental Fig. S6). We used SUV with zero, normal or 21 mol%
MGDG, which is the highest concentration that can be achieved
without inducing the formation of the hexagonal lipid phase [30].
The lipid content was adjusted by varying PC and DGDG concen-
trations. The absence of MGDG resulted only in a slight reduction
of binding but had no effect on import of pSSU (Fig. 5, condition
7). This is consistent with the previous ﬁnding that import into
chloroplast of Arabidopsis mgd1 mutants was not affected [36]. The
enhanced level of MGDG also did not alter the translocation efﬁ-
ciency (Fig. 5, condition 8).
4. Discussion
4.1. The TOC-translocon transports proteins across the outer envelope
of chloroplasts
We used pea OEVs containing the TOC complex and the IMS
Hsp70 (Fig. 1). The presence of the latter is currently under debate
as opposing results about its existence have been published [20].
However, the chaperone detected with our approach irrespective
of the antibodies we have used is not exposed to the cytosolic sur-
face as shown by thermolysin treatment and it does not fractionate
like the stromal chaperone CSS1 (Fig. 1). Although we did not ad-
dress the question concerning the presence of the IMS Hsp70
within this manuscript we have to state that in our system a
eukaryotic-type (most likely IMS localized) Hsp70 is present with-
in the OEVs. Using these OEVs we demonstrated that the precursor
protein binding increases with time and is outer envelope protein
dependent (Fig. 2), which is consistent with many earlier ﬁndings
(summarized e.g. in [13]). We have also demonstrated that precur-
sor proteins are transported across the OEV as shown by the pro-
tease protection assay (Fig. 2). The validity of this approach was
previously established by comparing results obtained with this ap-
proach to results obtained using stroma-loaded proteoliposomes
[24]. Using the model precursor protein p(OE33)titin we obtained
an import rate into OEVs which is about 300-fold lower than the
rate into intact chloroplasts when values are normalized to the con-
tent of TOC complexes (Fig. 1; [22]). This supports the idea that this
system using OEVs describes TOC-mediated (TIC-independent) im-
port only. The signiﬁcantly reduced import rate while translocating
proteins across the OEV-membrane is consistent with the observa-
tion of the existence of two energy providing steps during precursor
translocation into chloroplasts [14] and the importance of stromal
chaperones for the translocation process [32].
4.2. Effects of lipids on TOC-dependent precursor protein binding
It is widely acknowledged that lipids inﬂuence the integrity and
function of membrane embedded proteins and protein complexes
via direct or indirect interactions [4]. For example, an inﬂuence of
DGDG on chloroplast precursor protein translocation was hypothe-
sized based on the analysis of dgd1 mutants [19] and the observed
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we present evidence that binding of p(OE33)titin and pSSU to
OEVs is TOC-dependent (Figs. 2, 4, 5), which is in line with the
observed low afﬁnity for precursor–lipid interactions (summarized
in [34]). Thus, alteration of precursor binding to OEVs or proteoli-
posomes with different lipid content can be interpreted as a
change in the afﬁnity of the TOC complex.
Past studies, which observed a 50% reduction in import into
chloroplasts of a dgd1 mutant, led to the assumption that DGDG
might be the central lipidic component for proper TOC function
[12]. Consistent with this idea we observed a nearly linear relation-
ship between pSSU binding to proteoliposomes and DGDG content
(Fig. 5). However, in case of the model precursor p(OE33)titin we
observed a loss of binding when OEVs were fused to DGDG-SUVs
(Fig. 4). Considering that pSSU, but not p(OE33)titin is associated
with chaperones of the Hsp70 type after translation [22] this might
suggest that the DGDG dependence is enforced by the recently iden-
tiﬁed OEP61 with putative function in Hsp70 recognition [17]. This
notion would also be consistent with the differential inﬂuence of
DGDG on recognition and import of pSSU (Figs. 4, 5).
In contrast, a total reduction of MGDG did only result in a slight
reduction of pSSU binding but did not affect pSSU import (Fig. 5),
while increasing the MGDG concentration to 21 mol% did not alter
binding or import. The binding behavior is consistent with earlier
investigations where a MGDG content of up to 20 mol% in addition
to PC slightly enhanced the interaction of the precursor, while pre-
cursor proteins did not bind to a lipid surface composed of
15 mol% PC and 85 mol% MGDG [37]. The absence of an effect on
import is consistent with the wild-type like import into chloroplasts
of mgd1 mutants [36] and the absence of MGDG in isolated TOC
complexes [12]. Thus, MGDG does not have a major impact on the
translocation process.
Interestingly DGDG was not the only lipid that inﬂuenced binding
of the precursor proteins to the TOC complex. For both precursors we
observed an enhanced binding when OEVs were fused to SQDG-SUVs
(Fig. 4). In contrast, enrichment of OEVs with PI only led to an en-
hanced binding of p(OE33)titin. Thus, the lipid-dependence of the in-
teraction between TOC and precursor proteins is dependent on the
precursor protein studied.4.3. Effect of lipids on precursor protein import across the outer envelope
of chloroplasts
A reduction in DGDG content led to reduced precursor protein
import rates (Fig. 5) as suggested previously. Interestingly, we ob-
served also a decrease in import efﬁciency of the two tested precur-
sor proteins when DGDG was enriched (Figs. 4, 5). This indicates
that import is optimal within a narrow concentration range of
DGDG, namely that which is typically found in the outer envelope
membrane of chloroplasts. This suggests that selection has led to
the evolution of efﬁcient translocation via the TOC complex within
the existing lipid environment. This suggests that the inﬂuence of
DGDG on the translocation efﬁciency is rather indirect and not man-
ifested by a speciﬁc regulation of a TOC component by this lipid.
However, DGDG was not the only lipid that inﬂuenced TOC-
mediated import. Enrichment of SQDG and PI in the OEV membranes
increased the import efﬁciency of both precursor proteins (Fig. 4).
The increase of import by SQDG might be correlated with the en-
hanced binding efﬁciency, which, however, is not the case for PI
(Fig. 4). These opposing effects were rather surprising, as both lipids
are negatively charged. Unfortunately, there are no data available
from a genetic study using SQDG and PI deﬁcient Arabidopsis plant
lines, which could shed light on the roles of these lipids in either
outer membrane biogenesis and/or precursor protein import. Hence,
although it remains to be determined how these two lipids affectimport via TOC, SQDG and PI need to be included into the list of reg-
ulatory factors for precursor protein translocation.
It could be envisioned that lipids exert their effect by inﬂuencing
membrane ﬂuidity. However, this explanation is unlikely since all
three lipids (SQDG, PI, DGDG) have similar effects on membrane
phase transition [38]. Alternatively, some lipids like DGDG exclude
surface water molecules leading to a denser head-group region and
thus more rigid membrane surface characteristics [39]. This indeed
might account for an inﬂuence of DGDG on TOC behavior, because
SQDG does not exclude water as signiﬁcantly as DGDG [40]. In addi-
tion, charged lipids have been shown to stabilize membrane protein
interactions. For example, PI was found to stabilize the association
of the Rieske protein RIP1 with the yeast cytochrome bc1 complex
[9]. Both, SQDG and PI are negatively charged, minor constituents
of the OE membrane. While we did not detect any major effects of
lipid composition on TOC integrity, we cannot exclude lipid-
dependent alterations of the interaction of TOC components, which
would affect precursor protein binding and translocation. The effects
of lipids on TOC functioning are most likely caused by low afﬁnity
binding, since lipids exerted their effects in a system in which OEVs
were fused with SUVs. Thus, lipids tightly bound to TOC would
most likely remain bound, while those with a low afﬁnity to TOC
would equilibrate with the lipids provided by the SUVs during fusion.
Remarkably, recent work has shown that many environmental
factors such as light, temperature and their interactions rapidly
and signiﬁcantly inﬂuence the lipid composition of chloroplasts. Es-
pecially concentrations of SQDG and PI increased in the dark, and
SQDG concentrations were also inﬂuenced by heat, while DGDG
concentrations were unaffected under these conditions [41]. Given
the importance of precursor protein import to the proper function-
ing of chloroplasts, our work highlights that an understanding of
the lipid inﬂuence on functioning of membrane complexes such as
TOC is essential to describe the cellular behavior under varying en-
vironmental conditions.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbamcr.2012.02.020.
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